The present study describes the ipsilateral and contralateral corticocortical and corticothalamic connectivity of the temporal visual areas 20a and 20b in the ferret using standard anatomical tract-tracing methods. The two temporal visual areas are strongly interconnected, but area 20a is primarily connected to the occipital visual areas, whereas area 20b maintains more widespread connections with the occipital, parietal and suprasylvian visual areas and the secondary auditory cortex.
study of temporal cortex in nonprimate mammals has not been a priority. Indeed, in many commonly studied species, the temporal cortex has not been investigated and defined, due to its small size and the difficulty of access to this region due to its location within the skull. Despite this obstacle, even in species with unexpanded temporal cortices relative to primates, such as sheep, goats, and dogs, facerecognition neurons and the ability to recognize faces have been described (Kendrick, da Costa, Leigh, Hinton, & Peirce, 2001; Tate, Fischer, Leigh, & Kendrick, 2006) . In primates, it has been well established that while the temporal visual areas are connected with other adjacent visual areas, they also possess two sets of long range connections, to the posterior parietal cortex and to the orbitofrontal cortex (Webster, Bachevalier, & Ungerleider, 1994) . It is thought that these long range connections are involved in the social aspects of vision as well as visually guided behavior in relation to identified objects (Leopold et al., 2017) .
Thus, in order to understand the baseline from which the complex temporal visual cortex of primates, with its associated range of visual abilities, evolved, it is important to understand the organization of these regions in other species, such as the ferret, who possess a relatively unexpanded temporal cortex. In both the cat and ferret, a cluster of three cortical visual areas (20a, 20b, and PS) , located lateral to the occipital visual areas (17, 18, 19, and 21 ) and medial to the perirhinal cortex, have been defined as temporal visual areas (HommanLudiye, Manger, & Bourne, 2010; Manger, Nakamura, Valentiniene, & Innocenti, 2004; Tusa & Palmer, 1980; Updyke, 1986) , despite some differences in the precise organization of the retinotopic maps in each of these areas between ferret and cat (Manger et al., 2004) . Studies of intrahemispheric connectivity of these temporal regions in the cat have revealed connections with occipital (Symonds & Rosenquist, 1979; Tusa & Palmer, 1980) , suprasylvian (Heath & Jones, 1971; Symonds & Rosenquist, 1979) , and parietal visual areas (Avendaño, Rausell, Perez-Aguilar, & Isorna, 1988; Cavada & Reinoso-Suárez, 1983) , as well as with frontal cortical areas (Cavada & Reinoso-Suárez, 1981 , 1983 Olson & Jeffers, 1987) ; however, it is difficult to propose direct cortical area homologs and compare the connectional data of the cat with species with a more complexly organized temporal cortex such as the macaque monkey (see Manger et al., 2004; Payne, 1993) .
It is likely to be more beneficial to our understanding of cortical processing to consider different regions, such as occipital, temporal, parietal, as a whole, and determine whether global underlying connectivity patterns are present across species. The global interhemispheric connectivity of the ferret temporal cortical region has been studied (Manger et al., 2004) , and, in addition, these ferret temporal visual areas appear to be strongly connected to the higher order auditory areas of posterior ectosylvian gyrus (Bizley & King, 2009 ); however, no studies have examined the specific cortical and thalamic connectivity of the individual temporal visual areas of the ferret.
Here we analyze and describe corticocortical and corticothalamic connectivity of ferret temporal visual areas 20a and 20b. We anticipate that these studies may provide clues about the baseline mammalian substrate for multisensory processing and integration with the temporal cortex, and may provide insights into the anatomical interaction and connectivity of the dorsal and ventral processing streams required for the execution of complex visual and auditory behaviors.
| MATERIALS AND METHODS

| Surgical procedure and tracer injections
Four adult female ferrets (Mustela putorius), of an age old enough to breed, weighing between 600 g and 1,000 g, were used in this current study (four injection sites per cortical area). These animals were obtained from a Swedish breeder. The experiments were conducted according to the Swedish and European Community guidelines for the care and use of animals in scientific experiments. All animals were initially anesthetized with i.m. doses of ketamine hydrochloride (Ketalar, 10 mg/kg) and medetomidin hydrochloride (Domitor, 0.08 mg/kg), supplemented with atropine sulfate (0.15 mg/kg) and placed in a stereotaxic frame. A mixture of 1% isoflurane in a 1:1 nitrous oxide and oxygen mixture was delivered through a mask while the animal maintained its own respiration. Anesthetic level was monitored using the eye blink and withdrawal reflexes, in combination with heart rate measurement. The temporal cortex was exposed under aseptic conditions and in each animal numerous (but <20) electrophysiological multiunit recordings were taken to ensure correct placement of the tracer within a specific cortical area (Manger et al., 2004) . The temporal cortical area into which an injection was placed was determined using topographic reversals in receptive field progressions from the vertical meridian to the periphery (e.g., caudal area 20a to rostral area 20a), or from the periphery to the vertical meridian (e.g., caudal area 20b to rostral area 20b), and the reversal in receptive field topographic progression around the periphery between the areas PPc and PPr (Manger et al., 2004) . Approximately 500 nl of tracer (biotinylated dextran amine, BDA 10 k, 5% in 0.1 M phosphate buffer; Molecular Probes, Eugene) was delivered at each injection site using a Hamilton microsyringe (Figures 1 and 2a,b) . Each injection was made so that it spanned all the cortical layers, but did not encroach into the underlying white matter (Figure 2b ).
After the completion of the injections, a soft contact lens was cut to fit over the exposed cortex, while the retracted dura mater was pulled over the contact lens and the excised portion of bone repositioned and held in place with dental acrylic. The temporal muscle was reattached using surgical glue and the midline incision of the skin sutured. Antibiotics (Terramycin, 40 mg/kg, daily for 5 days) and analgesics (the NSAID Meloxicam, 0.2 mg/kg first dose, then 0.1 mg/kg daily for 5 days) were administered to all cases and these animals were given a 2-week recovery period to allow for tracer transport. At the end of this period, the animals were euthanized with a lethal dose of sodium pentobarbital (80 mg/kg, i.p.) and perfused intracardially, initially with a rinse of 0.9% saline (4 C, 500 ml/kg), followed by fixation with 4% paraformaldehyde in 0.1 M phosphate buffer (4 C, 1000 ml/kg).
| Sectioning and staining procedures
The brains were removed from the skull and postfixed overnight in 4% paraformaldehyde in 0.1 M phosphate buffer and then transferred to a 30% sucrose solution in 0.1 M phosphate buffer (4 C) and allowed to equilibrate. The brains were either (a) frozen in dry ice and sectioned at 50 μm on a freezing microtome in a coronal plane (two cases, one for each of the temporal cortical areas 20a and 20b) for a one in four series for Nissl (cresyl violet), myelin (Gallyas, 1979) , cytochrome oxidase (Carroll & Wong-Riley, 1984) and BDA or 
| Qualitative and quantitative analysis
For qualitative analysis, the stained sections were examined under low and high power magnification using a light microscope to determine in which sections through the cortex labeled cell bodies and terminals were present. Under low power stereomicroscopy using the flattened sections, the edges of each section were drawn with the aid of a camera lucida, and the location of the injection site marked. Areal borders were delineated and drawn using the cytochrome oxidase stained sections. Where cell bodies could be clearly identified, neurons within the injection halo were counted. Furthermore, cell bodies located on boundary lines between areas were only accounted for in the region where the most overlap was present. This quantitative analysis was only undertaken the one flattened case for each cortical area due to the lack of precision and variability in clearly identifying cortical area boundaries in the coronally sectioned cases for each cortical area in which retrogradely labeled neurons were observed.
| RESULTS
In the current study, BDA tracer injections were made into the temporal visual cortical areas 20a and 20b of the ferret, in order to assess the distribution of both anterograde and retrograde corticocortical and corticothalamic connections (Figures 1-3 ). In all cases there was more anterograde and retrograde label present in the hemisphere ipsilateral to the injection site than in the contralateral hemisphere, and this label was present in patches or clusters. Visual inspection revealed that the injection into 20a produced denser anterograde and retrograde ipsilateral labeling than that of 20b, but the ipsilateral connections from the 20b injections were substantially more widespread across the cortex than those from the 20a injections. Quantification but in area 18 (N% = 21.21%). This was followed by a decrease in N% Location of retrogradely labeled cortical neurons (filled circles) and anterogradely labeled axons and axon terminals (dense labeling in the darker gray shading, light labeling in the lighter gray shading) following transport from the injection site (is) located in area 20a. The upper larger image represents the distribution of cells and axons in the ispilateral semi-flattened cerebral hemisphere, while the lower smaller image represents the semi-flattened cerebral hemisphere contralateral to the injection site. Note that ipsilaterally, extensive connectivity is seen through the occipital, suprasylvian and temporal visual and auditory areas, with a small patch of anterograde label found in the ventral aspect of the presumptive prefrontal cortex. The contralateral connectivity is much weaker and less widespread. Areal boundaries were demarcated using alternative sections stained for cytochrome oxidase and the boundaries represent approximations based on this stain and available maps of the ferret brain (Bizley, Nodal, Nelken, & King, 2005; Homman-Ludiye et al., 2010; Manger et al., 2004; Manger, Engler, Moll, & Engel, 2005; Manger, Engler, Moll, & Engel, 2008; Manger, Restrepo, & Innocenti, 2010) . See list for abbreviations Hahn, & Sporns, 2017) , and this connectivity was primarily anterograde and more limited for area 20b than 20a (Figures 5 and 7) . Comparisons to previous connectional studies of cat areas 20a and 20b ( Figure 9 ) showed numerous similarities and certain differences that may reveal a common pattern of connectivity of the temporal cortex for multisensory processing and integration within the cerebral cortex of carnivore and other mammals. However, when discussing these similarities and differences, we do so with the qualification that the methods, especially regarding the sensitivity of the anatomical tracers used, do differ between studies. Accordingly, while we make these comparisons, they must be understood to have potential variances that at this stage cannot be directly controlled, and that may, in future studies where the same methods are used in both ferret and cat, indicate that the differences and similarities discussed herein may not be supported. As we noted earlier, it is difficult to propose direct temporal cortical area homologs of the ferret and cat with species with a FIGURE 6 Diagrammatic reconstructions of the location of retrogradely labeled cells (filled circles) and anterogradely labeled axons and axon terminals (dense labeling in the darker gray shading, light labeling in the lighter gray shading) in the visual thalamus of the ferret following injection of tracer into the temporal visual area 20a. "a" represents the most rostral coronal section, with "i" being the most caudal. Each section is approximately 400 μm apart. Note the dense, but restricted, label in the C lamina of the lateral geniculate nucleus and the strong connectivity to the LP. In all images, dorsal (D) is to the top and medial (M) to the right. See list for abbreviations more complexly organized temporal cortex such as the macaque monkey (see Manger et al., 2004; Payne, 1993) . Thus we consider different regions, such as occipital, temporal, parietal, as a whole to elucidate whether global underlying connectivity patterns are present across species. 5 and 9 ). While cat area 20a shares many of these connections, unlike the ferret it is reciprocally connected with areas 5 and 7 (ferret PPr and PPc), receives projections PS and AES (ferret AEV), and lacks connectivity with areas ALLS, AMLS and DLS observed for the ferret (Heath & Jones, 1971; Scannell et al., 1995; Symonds & Rosenquist, 1984) . Location of retrogradely labeled cortical neurons (filled circles) and antrerogradely labeled axons and axon terminals (dense labeling in the darker gray shading, light labeling in the lighter gray shading) following transport from the injection site (is) located in area 20b. All conventions and abbreviations as provided in the legend to Figure 5 . Note the widespread and extensive ipsilateral connectivity throughout the occipital, suprasylvian, parietal and temporal, including auditory, areas. Also note the small number of retrogradely labeled cells and anterogradely labeled terminal fields in the motor and presumptive prefrontal cortex. The contralateral connectivity, while not as strong as the ipsilateral, is restricted to the visual areas 20b, DLS, and PLLS (Cavada & Reinoso-Suárez, 1983; Segraves & Rosenquist, 1982) .
| Area 20a connectivity-ferret versus cat
With regards to the connectivity of area 20a with the visual nuclei of the dorsal thalamus, area 20a in the ferret evinced connections with all the visual nuclei of the dorsal thalamus, with reciprocal connections to the C, A and MIN laminae of the lateral geniculate nucleus and the LP, and anterograde connectivity with the P lamina of the lateral geniculate nucleus and the pulvinar (Figures 6 and 9 ). In contrast, area 20a in the cat displays limited connectivity with the visual nuclei of the dorsal thalamus, having reciprocal connections with the C lamina of the lateral geniculate nucleus, the LP and the pulvinar (Scannell et al., 1999; Symonds et al., 1981) . Thus, although area 20a in the ferret and the cat share numerous similarities in connectivity patterns (Figure 9 ), the connections with the anterior and dorsal lateral suprasylvian visual areas and with most of the lateral geniculate nucleus observed in the ferret are absent in the cat (Figure 9 ). These differences reiterate our previous findings in the occipital and parietal visual areas of ferret as compared to the cat, where the higher order visual FIGURE 8 Diagrammatic reconstructions of the location of retrogradely labeled cells (filled circles) and anterogradely labeled axons and axon terminals (dense labeling in the darker gray shading, light labeling in the lighter gray shading) in the visual thalamus of the ferret following injection of tracer into the temporal visual area 20b. "a" represents the most rostral coronal section, with "h" being the most caudal. Each section is approximately 400 μm apart. Note the dense connectivity with most regions of the visual thalamus, apart from that to the C lamina of the lateral geniculate nucleus and the MIN. Conventions and abbreviations as provided in the legend to Figure 6 and abbreviation list areas of the ferret are under a stronger influence of lateral geniculate input compared to the cat, potentially emphasizing differences in the extraction of visual information in the two species possibly related to life history and morphological differences (Dell, Innocenti, Hilgetag, & Manger, 2018a; Dell, Innocenti, Hilgetag, & Manger, 2018b) .
| Area 20b connectivity-ferret versus cat
Area 20b in the ferret, although not as heavily interconnected as area 20a, exhibited expansive reciprocal connectivity with areas 18,19, 21, 20a, PS, AEV, ALLS, AMLS, PLLS, PMLS, VLS, and PPc, as well as retrograde connectivity with areas DLS and PPr (Figures 7 and 9 ). Area 20b
in the cat showed fewer connections than that of the ferret, revealing reciprocal connections only with areas 19, AMLS, 20a, PS, AES (ferret AEV), and 5 (ferret PPr), and projections to area 7 (ferret PPc; Heath & Jones, 1971; Scannell et al., 1995; Symonds & Rosenquist, 1984) . In contrast to area 20a, area 20b of the ferret had sparser contralateral connectivity, exhibiting reciprocal callosal connections with areas 18, 21, 20a, 20b, and PS, while receiving callosal connections from areas VLS, PPc, and PPr (Figures 7 and 9) . Similarly, cat area 20b maintained limited callosal connections, but the pattern of connectivity was different to that observed in the ferret, as reciprocal callosal connections were only identified with areas 21 and 20b, while callosal projections were sent to areas 18 and PMLS and received from areas 19 and 20a (Cavada & ReinosoSuárez, 1983; Segraves & Rosenquist, 1982) .
Area 20b of the ferret exhibited reciprocal connections with all visual nuclei of the dorsal thalamus except for the P lamina of the lateral geniculate body where connections were absent (Figures 8 and   9 ). Area 20b in the cat was similarly connected to all portions of the visual thalamic nuclei apart from the A and P lamina of the lateral geniculate nucleus which contained no connections (Scannell et al., 1999; Symonds et al., 1981) . Although area 20b in the ferret and the cat share numerous thalamic and cortical connections, numerous ipsilateral connections with the suprasylvian visual areas as well as callosal connections are absent in the cat. This finding could be indicative of specialized visual function and integration that would not serve the cat or it could simply be that these cortical connections are present in the ferret as area 20b is in closer proximity with the suprasylvian visual areas and shares areal borders, particularly with VLS, whereas in the cat area 20b is bounded by areas 17 and 20a (Manger et al., 2004; Tusa & Palmer, 1980; Updyke, 1986) .
| The role of the temporal visual cortex in the ferret
The current work demonstrates that areas 20a and 20b are not only well interconnected but also maintain connections with numerous visual and secondary auditory areas (Figure 4 ; Table 1 ). The connections with auditory cortex supplement the finding by Bizley and King (2009) that visual stimulation in the ferret modulates activity of neurons in the auditory cortex. Thus, it is plausible that area 20 in the ferret is a possible site for the integration of auditory-visual information; however, the explicit integration of multisensory stimuli would have to be tested by presenting the unisensory stimuli simultaneously and comparing this to instances where the stimuli are presented in isolation (Beauchamp, 2005) . Interestingly, our findings show that area 20a has more dense connections with the occipital cortex while area 20b is more densely connected with the secondary auditory cortex (Figures 4-5, and 7; Table 1 ). This can be expected, as areas 20a and 20b are located between the auditory and occipital cortices, with 20a being in closer proximity to the occipital cortex and 20b to the auditory cortex, respectively (Tusa & Palmer, 1980; Updyke, 1986; Wallace, Meredith, & Stein, 1992; Manger et al., 2004; Figure 5) . Furthermore, the location of areas 20a and 20b between two larger unimodal cortical regions, visual and auditory, could further explain the multisensory aspects of neural information processing in areas 20a and 20b, as cortical regional border zones tend to be biased toward multisensory representation (Dahl, Logothetis, & Kayser, 2009; Ghazanfar & Schroeder, 2006; Wallace, Ramachandran, & Stein, 2004) . Cortical multisensory integration requires a site where different information modalities can converge (Wallace et al., 1992) , and areas 20a and 20b provide such a site for the integration of visual and auditory information. In addition, area 20b is more strongly connected with the posterior parietal cortex than area 20a (Figures 4 and 6 ; Table 1 ), thus allowing area 20b to play a role in dorsal stream processing (Goodale, Kroliczak, & Westwood, 2005; Goodale & Milner, 1992) . Thus, although the temporal visual cortex is a site for processing ventral stream visual information (object perception), it may also function, in the ferret, as a site that integrates multisensory stimuli to provide a comprehensive scene in which objects can be unambiguously perceived.
| Interaction of the dorsal and ventral streams
In order for aspects of a visual image to be fully extracted by the brain, the dorsal and ventral streams need to interact, and the prefrontal cortex is involved in this process (Itti & Koch, 2001; Miller, 2000) . The posterior parietal cortex has been identified as an integral component of the visual dorsal stream, maintaining direct connections with the prefrontal cortex, as well as numerous direct and indirect connections with the occipital cortex. This has been illustrated in numerous animal studies (Baizer, Ungerleider, & Desimone, 1991; Kaas & Stepniewska, 2016; Remple, Reed, Stepniewska, Lyon, & Kaas, 2007) as well as in the ferret (Dell et al., 2018a (Dell et al., , 2018b . Similarly, the visual temporal cortex is integral to visual ventral stream information processing; thus, direct connections with the prefrontal cortex are anticipated (Cloutman, 2013; Goodale & Milner, 1992; Webster et al., 1994) . Our study of the visual temporal cortex in the ferret revealed that both areas 20a and 20b are connected with the prefrontal cortex (likely the orbitofrontal cortex), but these connections were very sparse (Figures 4-5, and 7; Table 1 ).
Given that integration of the ventral and dorsal processing streams is required for full visual perception, and that direct connectivity of the temporal visual areas with the prefrontal cortex is weak in the ferret, how does information from the ventral processing stream reach the prefrontal cortex to allow for integration? As area 20b in the ferret is well connected with the posterior parietal cortex (Figures 4 and 7 ; Table 1 ), we can speculate that information from the ventral processing stream passes from area 20b to the posterior parietal cortex and then to the prefrontal cortex for sensory integration.
Thus, the posterior parietal cortex may be the primary site for dorsal and ventral stream interaction in the ferret. This speculation is congruent with findings that show that cortical areas of the monkey inferior temporal lobe (areas TEO and TE), responsible for ventral stream processing, are connected to the posterior parietal cortex (Webster et al., 1994) . Similarly, cat temporal visual cortex maintains connections with posterior parietal areas 5 and 7 (Symonds & Rosenquist, 1984) . Moreover, results from our previous study (Dell et al., 2018a) , indicated that area PMLS is directly connected to occipital visual areas 17, 18, 19, and 21, implicating it as a hub that may serve to connect the temporal visual areas to the parietal cortex for dorsal stream processing.
The current study shows that areas 20a and 20b are well connected with PMLS (Figures 4-5 , 7, and 9; Table 1 ), a feature also observed in the cat (Symonds & Rosenquist, 1979) . Thus, information from the ventral processing stream can be sent to area PMLS and the posterior Wiring diagrams depicting the connectivity of areas 20a and 20b with each other, other visual cortical areas ipsilaterally, and the visual thalamus in the ferret (a), the connections of these areas observed in the ferret but not the cat (b), and the connections of these areas overs in the cat but not the ferret (c) (Cavada & Reinoso-Suárez, 1983; Heath & Jones, 1971; Scannell, Blakemore, & Young, 1995; Scannell, Burns, Hilgetag, O'Neil, & Young, 1999; Symonds & Rosenquist, 1979 Symonds, Rosenquist, Edwards, & Palmer, 1981) . Each color represents a specific cortical area (20a-red, 20b-green), with solid lines representing reciprocal connections, short dashed lines anterograde connections only, and long dashed lines retrograde connections only. (a) Of the potential 120 connections (for each cortical area 20 potential reciprocal, anterograde only or retrograde only connections) of these two areas to the different visual cortical and thalamic regions, a total of 40 connections are found in the ferret. (b) In the ferret 21 connections not found in the cat were observed, while (c) in the cat 7 connections not found in the ferret were observed [Color figure can be viewed at wileyonlinelibrary.com] parietal cortex, regions identified for their explicit involvement in dorsal stream processing (Cloutman, 2013; Goodale, 1998; Goodale et al., 2005; Goodale & Milner, 1992) . Hence, we can speculate that PMLS and the posterior parietal cortex (PPc and PPr in the ferret) may be two intermediary integration sites, or hubs, where the dorsal and ventral streams interact prior to the visual information being sent to the frontal cortex.
This potential connectional network is valid for PMLS and areas 5 and 7 in the cat (homologs of PPr and PPC in the ferret); however, it is more challenging to apply a similar network framework to species such as the macaque monkey as the homologies of cortical areas between cat or ferret and macaque monkey are unclear, and the parietal and temporal cortical regions have undergone expansion and increased parcellation in the macaque (Baylis, Rolls, & Leonard, 1987; Kaas & Stepniewska, 2016; Manger et al., 2004; Payne, 1993) . As alluded to earlier, macaque monkey inferior temporal cortex (ventral stream processing) is strongly connected with the posterior parietal cortex as well as the prefrontal cortex (Webster et al., 1994) , with area TE of the macaque temporal cortex being well connected with area MT (Webster et al., 1994) . Moreover, if one considers that area MT in the macaque monkey is analogous to area PMLS in the carnivores (Cantone, Xiao, & Levitt, 2006; Lappe & Rauschecker, 1995) , it appears that the dorsal and ventral processing streams interact in the posterior parietal cortex as well in the central temporal region (suprasylvain area PMLS for ferret and cat, and MT for macaque monkey) enroute to integration in the prefrontal cortex. Such a stepwise network interaction may ease the processing load on the prefrontal cortex and minimize the wiring cost of the brain (Bullmore & Sporns, 2012; Laughlin & Sejnowski, 2003) . Further research needs to be done in other species to identify and confirm additional sites of possible dorsal and ventral stream interaction. Nevertheless, it appears that the ferret possesses, at a minimum, the basic connectivity network required for dorsal and ventral stream integration, and in a manner not dissimilar to that observed in the primates.
